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M. Chalcogen S···S Bonding in
Supramolecular Assemblies of
Cadmium(II) Coordination Polymers
with Pyridine-Based Ligands. Crystals
2021, 11, 697. https://doi.org/
10.3390/cryst11060697
Academic Editors: Vladimir P. Fedin
and Alexander Kirillov
Received: 31 May 2021
Accepted: 14 June 2021
Published: 18 June 2021
Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-
iations.
Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).
1 Laboratory for Precipitation Processes, Division of Materials Chemistry, Rud̄er Bošković Institute, Bijenička
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Abstract: Two cadmium(II) coordination polymers, with thiocyanate and pyridine-based ligands e.g.,
3-acetamidopyridine (3-Acpy) and niazid (nicotinic acid hydrazide, nia), namely one-dimensional
{[Cd(SCN)2(3-Acpy)]}n (1) and two-dimensional {[Cd(SCN)2(nia)]}n (2), are prepared in the mixture
of water and ethanol. The adjacent cadmium(II) ions in 1 are bridged by two N,S-thiocyanate ions
and an N,O-bridging 3-Acpy molecule, forming infinite one-dimensional polymeric chains, which are
assembled by the intermolecular N–H···S hydrogen bonds in one direction and by the intermolecular
S···S chalcogen bonds in another direction. Within the coordination network of 2, the adjacent
cadmium(II) ions are bridged by N,S-thiocyanate ions in one direction and by N,O,N’-chelating and
bridging nia molecules in another direction. The coordination networks of 2 are assembled by the
intermolecular N–H···S and N–H···N hydrogen bonds and S···S chalcogen bonds. Being the only
supramolecular interactions responsible for assembling the polymer chains of 1 in the particular
direction, the chalcogen S···S bonds are more significant in the structure of 1, whilst the chalcogen
S···S bonds which act in cooperation with the N–H···S and N–H···N hydrogen bonds are of less
significance in the structure of 2.
Keywords: coordination networks; cadmium(II); thiocyanate; 3-acetamidopyridine; nicotinic acid
hydrazide; chalcogen bonds; hydrogen-bond motifs
1. Introduction
Although not yet as established and studied as hydrogen and halogen bonding, chalco-
gen bonding (ChB) has recently gained more attention as an important supramolecular
interaction with possible applications in biochemistry, crystal engineering, the design of
new materials, and catalysis [1–5]. The chalcogen bond (D–Ch···A) is a non-covalent inter-
action between a chalcogen bond donor D and a chalcogen bond acceptor A. Chalcogen
bond donor D is a Lewis acid and acceptor A is a Lewis base, while Ch is a chalcogen
atom (of group 16). The chalcogen bonds belong to the group of σ-hole interactions. The
σ-hole interactions, particularly halogen bonds, have become more popular in the last two
decades, particularly due to their strength and high directionality. Nowadays, however,
chalcogen bonds attract more attention, though their nature and mechanism of formation
still remain unclear [1,5,6]. In the case of the chalcogen bonds, the interactions are formed
between a positive (electrophilic) region on the chalcogen atom and a negative electron
density (nucleophilic region) on the chalcogen bond acceptor [1,4]. The anisotropy in the
surface electrostatic potential on chalcogen atoms is crucial for the formation of chalcogen
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bonds, which become more evident when the radius of chalcogen atoms increases. The
main characteristic of the chalcogen bonds, as opposed to hydrogen bonds, is their direc-
tional nature, which is a consequence of the aforementioned anisotropy [7]. The strength
of the chalcogen bonds seems to be dependent on the electron-accepting capability of
the respective chalcogen molecule. Although understood from the crystal structures of
various chalcogenated compounds for some time, the chalcogen bonds did not gain desired
importance and become relevant supramolecular interactions in crystal engineering, in the
way that halogen bonds did [4,6].
Niazid (nia, nicotinic acid hydrazide), equipped with an N,O-donor set of atoms, could
be a useful ligand for the design of coordination polymers of various dimensionalities due
to its ability to chelately bind to metal ions via hydrazide N and carbonyl O atoms and,
as well as bridge via pyridine N atom [8]. However, in spite of having such the potential
to make coordination polymers, only a few coordination polymers with the described
coordination mode of nia have been reported, e.g., coordination polymers of nickel(II) [9],
lead(II) [10], and cadmium(II) [11]. Three different cadmium(II) coordination polymers of
nia have been prepared and described, depending on the metal-to-ligand molar ratios and
the solvents used [11]. Although 3-acetamidopyridine (3-Acpy) is structurally similar to
nia, also containing the N,O-set of atoms as possible donors, it lacks bridging and chelating
potential due to the spatial arrangement of N and O atoms. Indeed, only a few metal
complexes of 3-Acpy are known, each of them containing 3-Acpy ligand coordinated in an
N-monodentate fashion (via pyridine N atom) [12,13].
We wanted to explore the possibilities of delivering more diverse cadmium(II) coordi-
nation polymers by using mixed ligands—organic pyridine-based ligands (nia or 3-Acpy)
and highly versatile thiocyanate ion as an inorganic linker. The thiocyanate ion is able to
coordinate to the same metal ion via both N and S atoms, enabling its bridging capacity.
Additionally, we wanted to examine if the introduction of the thiocyanate could increase
the dimensionality of the cadmium(II) coordination polymer formed, especially when com-
bined with chelating and bridging nia, as opposed to the combination with monodentate
3-Acpy. However our main purpose was to explore the potential for linking metal–organic
building units via chalcogen bonds upon introduction of the sulfur-containing ligand
that might enable the formation of the chalcogen S···S bonding in the structures of the
prepared cadmium(II) coordination polymers. In the construction of coordination poly-
mers, we opted for a cadmium(II) ion due to its highly unpredictable and unreliable
coordination environment, as this would increase our chances of obtaining more diverse
coordination polymers. In line with these guidelines, we prepared a one-dimensional (1-D)
cadmium(II) coordination polymer with 3-Acpy and thiocyanate and two-dimensional
(2-D) cadmium(II) coordination polymer with nia and thiocyanate under the same experi-
mental conditions (Scheme 1), namely {[Cd(SCN)2(3-Acpy)]}n (1) and {[Cd(SCN)2(nia)]}n
(2). We then specifically checked if the chalcogen S···S bonds appeared in the structures
of 1 and 2. Furthermore, we determined their role and significance in the supramolecular
assemblies of the discussed cadmium(II) coordination polymers.
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Scheme 1. Preparation of one-dimensional {[Cd(SCN)2(3-Acpy)]}n (1) and two-dimensional 
{[Cd(SCN)2(nia)]}n (2) coordination polymers by the reaction of cadmium(II) nitrate, sodium thiocy-
anate and 3-acetamidopyridine (3-Acpy) or niazid (nia), respectively. 
2. Results and Discussion 
Cadmium(II) coordination polymers in this study were obtained by using 3-acetam-
idopyridine (3-Acpy) and niazide (nia) ligands. The reaction of the freshly prepared crys-
talline product 3-Acpy with cadmium(II) nitrate tetrahydrate and sodium thiocyanate (in 
a molar ratio 2:1:2) from the water–ethanol mixture yielded a 1-D coordination polymer 
{[Cd(SCN)2(3-Acpy)]}n (1) (Scheme 1). The 2-D coordination polymer {[Cd(SCN)2(nia)]}n 
(2) was also obtained by a reaction of nia with cadmium(II) nitrate tetrahydrate and so-
dium thiocyanate (in a molar ratio 2:1:2) from the water-ethanol mixture (Scheme 1).  
The asymmetric unit of {[Cd(SCN)2(3-Acpy)]}n (1) consists of a cadmium(II) ion, two 
thiocyanate ions, and one 3-Acpy molecule. The cadmium(II) ion is octahedrally coordi-
nated with two thiocyanate N1 and N2 atoms and two thiocyanate S1ii and S2i atoms in 
the equatorial plane, whilst 3-Acpy pyridine N3 atom and carbonyl O1 atom are bound in 
the axial positions (N3−Cd1−O1i = 175.2(1)°; symmetry codes (i) −x + 1, y + 1/2, −z + 1/2; (ii) 
−x + 1, y − 1/2, −z + 1/2). The thiocyanate N1 and N2 atoms are bound in cis position 
(N2−Cd1−N1 = 94.8(1)°), as are the thiocyanate S1ii and S2i atoms (S2i −Cd1−S1ii = 83.81(3)°; 
Figure 1a and Table 1). The adjacent cadmium(II) ions in 1 are bridged by two N,S-thio-
cyanate ions in an antiparallel fashion and by an N,O-bridging 3-Acpy molecule, forming 
an infinite 1-D polymeric chain extending in the [0 1 0] direction (Figure 2a). The asym-
metric unit of {[Cd(SCN)2(nia)]}n (2) also consists of a cadmium(II) ion, two thiocyanate 
ions and one nia molecule. The cadmium(II) ion is octahedrally coordinated with the dis-
crete thiocyanate S1 atom and nia pyridine N3, hydrazide N5iii and carbonyl O1iii atoms 
in the equatorial plane, whilst the bridging thiocyanate N2 and S2iv atoms are bound in 
the axial positions (N2−Cd1−S2iv = 174.22(7)°; symmetry codes (iii) −x + 1, y + 1/2, −z + 1/2; 
(iv) x, −y + 3/2, z + 1/2; Figure 1b and Table 1). The cadmium(II) ions in 2 are bridged with 
N,S-thiocyanate ions and N,O,N’-nia molecules into an infinite 2-D network extending 
parallel to the (1 0 0) plane (Figure 2b). Within the coordination network, the adjacent 
cadmium(II) ions are bridged in two different ways: by N,S-thiocyanate ions (a single thi-
ocyanate ion per two neighboring cadmium(II) ions) in the [0 0 1] direction and by N,O,N’-
nia molecules in the [0 1 0] direction (Figure 2b). Each N,O,N’-nia molecule acts as a che-
lating and bridging ligand (via hydrazide N5 and carbonyl O1 atoms, forming a five-mem-
bered chelate ring Cd1/O1/C8/N4/N5, and via pyridine N3 atom) between two neighbor-
ing cadmium(II) ions (Figure 2c). The conformation of the mentioned chelate ring can best 
be described as an envelope on the Cd1 atom. The octahedral coordination environment 
around the cadmium(II) ion in 1 is only slightly distorted, as is evident from the angles 
for the trans (172.40(9)°–175.2(1)°) and cis (83.81(3)°–94.8(1)°) pairs of the ligating atoms 
(Table 1). However, the octahedral coordination environment around the cadmium(II) ion 
in 2 is highly distorted, as the angles for the trans (152.83(5)°–174.22(7)°) and cis (70.14(7)°–
Scheme 1. Preparation of one-dimensional {[Cd(SCN)2(3-Acpy)]}n (1) and two-dimensional
{[Cd(SCN)2(nia)]}n (2) coordination polymers by the reaction of cadmium(II) nitrate, sodium thio-
cyanate and 3-acetamidopyridine (3-Acpy) or niazid (nia), respectively.
2. Results and Discussion
Cadmium(II) coordination polymers in this study were obtained by using 3-
acetamidopyridine (3-Acpy) and niazide (nia) ligands. The reaction of the freshly prepared
crystalline prod ct 3-Acpy with cadmium(II) nitrate tetrahydrate an sodium thiocyanate
(in a molar ratio 2:1:2) from the water–ethanol mixture yielded a 1-D coordination polymer
{[Cd(SCN)2(3-Acpy)]}n (1) (Scheme 1). The 2-D coordination polymer {[Cd(SCN)2(nia)]}n
(2) was also obtained by a reaction of nia with cadmium(II) nitrate tetrahydrate and sodium
thiocyanate (in a molar ratio 2:1:2) from the water-ethanol mi ture (Scheme 1).
The asymmetric unit of {[Cd(SCN)2(3-Acpy)]}n (1) consists of a cadmium(II) ion,
two thiocyanate ions, and one 3-Acpy molecule. The cadmium(II) ion is octahedrally
coordinated with two thiocyanate N1 and N2 atoms and two thiocyanate S1ii and S2i atoms
in the equat rial pl ne, whilst 3-Acpy pyridine N3 atom and carbonyl O1 atom are bound
in the axial positions (N3−Cd1−O1i = 175.2(1)◦; symmetry codes (i) −x + 1, y + 1/2, −z
+ 1/2; (ii) −x + 1, y − 1/2, −z + 1/2). The thiocyanate N1 and N2 atoms are bound in cis
position (N2−Cd1−N1 = 94.8(1)◦), as are the thiocyanate S1ii and S2i atoms (S2i −Cd1−S1ii
= 83.81(3)◦; Figure 1a and Table 1). The adj cent cadmium(II) io s in 1 are bridged by two
N,S-thiocyanate ions in an antiparallel fashion and by an N,O-bridging 3-Acpy molecule,
forming an infinite 1-D polymeric chain extending in the [0 1 0] direction (Figure 2a).
The asymmetric unit of {[Cd(SCN)2(nia)]}n (2) also consists of a cadmium(II) ion, two
thiocyanate ions and one nia molecule. T e cadmium(II) ion is octahedrally coordinated
with the discrete thiocyanate S1 atom and nia pyridine N3, hydrazide N5iii and carbonyl
O1iii atoms in the equatorial plane, whilst the bridging thiocyanate N2 and S2iv atoms are
bound in the axial positions (N2−Cd1−S2iv = 174.22(7)◦; symmetry codes (iii) −x + 1, y
+ 1/2, −z + 1/2; (iv) x, −y + 3/2, z + 1/2; Figure 1b and Table 1). The ca m um(II) ions
in 2 are bridged with N,S-thiocyanate ions and N,O,N’-nia molecules into an infinite 2-D
network extending parallel to the (1 0 0) plane (Figure 2b). Within the coordination network,
the adjacent cadmium(II) ions are bridged in two different ways: by N,S-thiocyanate ions
(a single thi cyanate ion per two neighboring cad ium(II) ion ) in he [0 0 1] directi n
and by N,O,N’-nia molecules in the [0 1 0] direction (Figure 2b). Each N,O,N’-nia molecule
acts as a chelating and bridging ligand (via hydrazide N5 and carbonyl O1 atoms, forming
a five-membered chelate ring Cd1/O1/C8/N4/N5, and via pyridine N3 atom) between
wo neighboring cadmium(II) ions (Figure 2c). The conformation of the mentioned chelate
ring can best be described as an envelope on the Cd1 atom. The octahedral coordination
environment around the cadmium(II) ion in 1 is only slightly distorted, as is evident
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from the angles for the trans (172.40(9)◦–175.2(1)◦) and cis (83.81(3)◦–94.8(1)◦) pairs of the
ligating atoms (Table 1). However, the octahedral coordination environment around the
cadmium(II) ion in 2 is highly distorted, as the angles for the trans (152.83(5)◦–174.22(7)◦)
and cis (70.14(7)◦–108.79(6)◦) pairs of the ligating atoms indicate (Table 1). The reason for
such a distortion is the N,O-bidentate binding of the nia ligand, leading to the formation
of the five-membered chelate ring (Figure 2c) with the very small N5iii–Cd1–O1iii angle
(70.14(7)◦).
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and hydrogen atoms are shown as spheres of arbitrary radii (symmetry codes (i) −x + 1, y + 1/2, −z
+ 1/2; (ii) −x + 1, y − 1/2, -z + 1/2; (iii) −x + 1, y + 1/2, −z + 1/2; (iv) x, −y + 3/2, z + 1/2).




Cd1–N1 2.301(3) Cd1–N2 2.476(3)
Cd1–N2 2.279(3) Cd1–N3 2.329(2)
Cd1–N3 2.358(3) Cd1–N5iii 2.356(2)
Cd1–O1i 2.371(3) Cd1–O1iii 2.365(2)
Cd1–S1ii 2.743(1) Cd1–S1 2.6092(8)
Cd1–S2i 2.670(1) Cd1–S2iv 2.6525(8)
Bond angles
N2–Cd1–N1 94.8(1) N3–Cd1–N5iii 153.96(8)
N2–Cd1–N3 86.4(1) N3–Cd1–O1iii 85.61(8)
N1–Cd1–N3 93.4(1) N5iii–Cd1–O1iii 70.14(7)
N2–Cd1–O1i 89.7(1) N3–Cd1–N2 85.84(8)
N1–Cd1–O1i 84.3(1) N5iii–Cd1–N2 82.02(9)
N3–Cd1–O1i 175.2(1) O1iii–Cd1–N2 82.95(8)
N2–Cd1–S2i 173.92(9) N3–Cd1–S1 108.79(6)
N1–Cd1–S2i 91.14(9) N5iii–Cd1–S1 90.37(6)
N3–Cd1–S2i 94.69(8) O1iii–Cd1–S1 152.83(5)
O1i–Cd1–S2i 89.54(8) N2–Cd1–S1 75.51(7)
N2–Cd1–S1ii 90.17(8) N3–Cd1–S2iv 98.72(6)
N1–Cd1–S1ii 172.40(9) N5iii–Cd1–S2iv 95.13(6)
N3–Cd1–S1ii 92.65(8) O1iii–Cd1–S2iv 100.85(6)
O1i–Cd1–S1ii 89.98(8) N2–Cd1–S2iv 174.22(7)
S2i–Cd1–S1ii 83.81(3) S1–Cd1–S2iv 99.56(3)
Symmetry codes (i) −x + 1, y + 1/2, −z + 1/2; (ii) −x + 1, y − 1/2, −z + 1/2; (iii) −x + 1, y + 1/2, −z + 1/2; (iv) x,
−y + 3/2, z + 1/2.
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Figure 2. The infinite 1-D polymeric chain of {[Cd(SCN)2(3-Acpy)]}n (1) extending along the [0 1 0] 
direction (a), the 2-D network of {[Cd(SCN)2(nia)]}n (2) extending parallel to the (1 0 0) plane (b) and 
N,O,N’-nia molecule as a chelating and bridging ligand between two neighboring cadmium(II) ions 
in the 2-D network of {[Cd(SCN)2(nia)]}n (2), forming a five-membered chelate ring (c). 
The crystal structure of 1 features strong intermolecular N–H∙∙∙S and weak intramo-
lecular C–H∙∙∙O hydrogen bonds, while there are strong intermolecular N–H∙∙∙S and N–
H∙∙∙N and weak C–H∙∙∙N hydrogen bonds in the crystal structure of 2 (Table 2). If the 
structure of 1 is viewed down the [0 1 0] direction (the direction along which the polymeric 
chain is running), the polymeric chains are connected by the intermolecular N–H∙∙∙S hy-
drogen bonds along the [1 0 0] direction and by the intermolecular S∙∙∙S chalcogen bonds 
(S1∙∙∙S1v distance = 3.427(1) Å, angles Cd1–S1∙∙∙S1v = 110.08(3)° and S1v∙∙∙S1–C1 = 146.2(1)°; 
S2∙∙∙S1v distance = 3.733(2) Å, angles Cd1–S2∙∙∙S1v = 103.53(4)°, Cd1–S1∙∙∙S2v = 166.62(4)° 
and S1v∙∙∙S2–C2 = 129.1(1)°, symmetry code (v) −x, 1 − y, −z) along the [0 0 1] direction 
within the framework (Figure 3). The intramolecular S∙∙∙S chalcogen bonds are also formed 
within the polymeric chain of 1 (S1∙∙∙S2 distance = 3.615(2) Å, angles C1–S1∙∙∙S2 = 149.6(1)° 
and S1∙∙∙S2–C2 = 136.2(2)°). In turn, the 2-D coordination networks of 2 are assembled 
along the [1 0 0] direction by the intermolecular N–H∙∙∙S and N–H∙∙∙N hydrogen bonds 
and by the intermolecular S∙∙∙S chalcogen bonds (S1∙∙∙S1vi distance = 3.616(1) Å, angle Cd1–
S1∙∙∙S1vi = 156.79(3)°, symmetry code (vi) −x, −y, −z; Figure 4). The chalcogen S∙∙∙S bonds 
found in the supramolecular assemblies of 1 and 2 are of comparable distances to those 
seen in the crystal structures of monomeric zinc(II), cadmium(II) and mercury(II) com-
plexes with thiocyanate and picolinamide [21] or nicotinamide [22]. These complexes 
were reported some time ago, but have currently been revisited. 
The most distinguished hydrogen-bonded ring motifs within the framework of 2 are 
the dimeric R23(9) and the centrosymmetric tetrameric R44(14) motifs (Figure 5). The R23(9) 
motif is formed between two symmetry-related coordination networks (represented as 
molecules in blue and red) via two nia hydrazide N atoms of the red molecule, one nia 
hydrazide N and two thiocyanate N atoms of the blue molecule (Figure 5a). The centro-
symmetric R44(14) motif, however, is formed between four symmetry-related coordination 
networks (represented as molecules in blue, red, orange and violet) via two nia hydrazide 
N atoms of both blue and orange molecules, one thiocyanate N, and one thiocyanate S 
atom of both red and violet molecules (Figure 5b). 
Table 2. The hydrogen bond geometry for {[Cd(SCN)2(3-Acpy)]}n (1) and {[Cd(SCN)2(nia)]}n (2). 
D–H∙∙∙A d(D–H)/Å d(H∙∙∙A)/Å d(D∙∙∙A)/Å ∠(D–H∙∙∙A)/° Symmetry code on A 
1 
N4–H41∙∙∙S1 0.86(1) 2.76(2) 3.536(4) 151(4) x + 1/2, −y + 1, z 
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Figure 2. The infinite 1-D polymeric chain of {[Cd(SCN)2(3-Acpy)]}n (1) extending along the [0 1 0]
direction (a), the 2-D network of {[Cd(SCN)2(nia)]}n (2) extending parallel to the (1 0 0) plane (b) and
N,O,N’-nia molecule as a chelating and bridging ligand between two neighboring cadmium(II) ions
in the 2-D network of {[Cd(SCN)2(nia)]}n (2), forming a five-membered chelate ring (c).
There are many cadmium(II) coordination polymers structurally similar to 1 and 2,
containing bridging thiocyanate ions and either bridging [14–19] or terminal [17,19,20]
pyridine-based ligands, substituted at position -3, in the Cambridge Structural Database.
We focused solely on the structures containing bridging or terminal pyridine-based ligands
with simple substituents, excluding the ring substituents, e.g., N,N-diethylnicotinamide [14],
pyridine-3-carboxylate [15], 3-(3-pyridyl)acrylate [16], 3-acetylpyridine [17], 3-aminomethy-
lpyridine [18], 3-hydroxymethylpyridine [19] and 3-aminopyridine [20]. The Cd−N and
Cd−S (thiocyanate N and S atoms), Cd−N (pyridine N) and Cd−O bond lengths in 1 and 2
are comparable to those seen in the related cadmium(II) coordination polymers containing
thiocyanate ions and mentioned bridging or terminal pyridine-based ligands [11,14–20].
The crystal structure of 1 features strong intermolecular N–H···S and weak intramolec-
ular C–H···O hydrogen bonds, while there are strong intermolecular N–H···S and N–H···N
and weak C–H···N hydrogen bonds in the crystal structure of 2 (Table 2). If the structure of
1 is viewed down the [0 1 0] direction (the direction along which the polymeric chain is run-
ning), the polymeric chains are connected by the intermolecular N–H···S hydrogen bonds
along the [1 0 0] direction and by the interm lecular S···S chalcogen b nds (S1···S1v dis-
tance = 3.427(1) Å, angles Cd1–S1···S1v = 110.08(3)◦ and S1v···S1–C1 = 146.2(1)◦; S2···S1v
dist ce = 3.733(2) Å, angles Cd1–S2···S1v = 103.53(4)◦, Cd1–S1···S2v = 166.62(4)◦ and
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S1v···S2–C2 = 129.1(1)◦, symmetry code (v) −x, 1 − y, −z) along the [0 0 1] direction within
the framework (Figure 3). The intramolecular S···S chalcogen bonds are also formed within
the polymeric chain of 1 (S1···S2 distance = 3.615(2) Å, angles C1–S1···S2 = 149.6(1)◦ and
S1···S2–C2 = 136.2(2)◦). In turn, the 2-D coordination networks of 2 are assembled along the
[1 0 0] direction by the intermolecular N–H···S and N–H···N hydrogen bonds and by the
intermolecular S···S chalcogen bonds (S1···S1vi distance = 3.616(1) Å, angle Cd1–S1···S1vi
= 156.79(3)◦, symmetry code (vi) −x, −y, −z; Figure 4). The chalcogen S···S bonds found
in the supramolecular assemblies of 1 and 2 are of comparable distances to those seen in
the crystal structures of monomeric zinc(II), cadmium(II) and mercury(II) complexes with
thiocyanate and picolinamide [21] or nicotinamide [22]. These complexes were reported
some time ago, but have currently been revisited.
Table 2. The hydrogen bond geometry for {[Cd(SCN)2(3-Acpy)]}n (1) and {[Cd(SCN)2(nia)]}n (2).
D–H···A d(D–H)/Å d(H···A)/Å d(D···A)/Å ∠(D–H···A)/◦ Symmetry code on A
1
N4–H41···S1 0.86(1) 2.76(2) 3.536(4) 151(4) x + 1/2, −y + 1, z
C3–H3···O1 0.93 2.28 2.821(5) 117 x, y, z
2
N4–H41···S1 0.85(1) 2.52(1) 3.352(2) 166(3) x − 1, y, z
N5–H51···N1 0.85(1) 2.26(2) 2.975(4) 142(3) x − 1, −y + 3/2, z − 1/2
N5–H52···N1 0.85(1) 2.30(1) 3.128(4) 165(3) −x + 1, −y + 1, −z + 1
C3–H3···N2 0.93 2.46 3.134(4) 130 x, y, z




Figure 3. A fragment of the infinite framework of {[Cd(SCN)2(3-Acpy)]}n (1) viewed down the [0 1 
0] direction. The polymeric chains, represented as monomeric molecules in this projection, are con-
nected by the intermolecular N–H∙∙∙S hydrogen bonds (represented by the blue dotted lines) along 
the [1 0 0] direction and are connected by the intermolecular S∙∙∙S chalcogen bonds (represented by 
the red dotted lines) along the [0 0 1] direction within the framework. The intramolecular S∙∙∙S chal-
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[0 1 0] direction. The polymeric chains, represented as monomeric molecules in this projection, are
connected by the intermolecular N–H···S hydrogen bonds (represented by the blue dotted lines)
along the [1 0 0] direction and are connected by the intermolecular S···S chalcogen bonds (represented
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c alcogen bonds are also shown by the red dotted lines.
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direction. The 2-D networks are connected by the intermolecular N–H···S and N–H···N hydrogen
bonds (represented by the blue dotted lines) and by the S···S chalcogen bonds (represented by the
red dotted lines) along the [1 0 0] direction within the framework.
The most distinguished hydrogen-bonded ring motifs within the framework of 2 are
the dimeric R23(9) and the centrosymmetric tetrameric R44(14) motifs (Figure 5). The R23(9)
motif is formed between two symmetry-related coordination networks (represented as
molecules in blue and red) via two nia hydrazide N atoms of the red molecule, one nia
hydrazide N and two thiocyanate N atoms of the blue molecule (Figure 5a). The centrosym-
metric R44(14) motif, however, is formed between four symmetry-related coordination
networks (represented as molecules in blue, red, orange and violet) via two nia hydrazide
N atoms of both blue and orange molecules, one thiocyanate N, and one thiocyanate S
atom of both red and violet molecules (Figure 5b).
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Figure 5. The most distinguished hydrogen-bonded ring motifs (shown by dotted lines) found
within the hydrogen-bonded framework of {[Cd(SCN)2(nia)]}n (2), e.g., the dimeric R23(9) (a) and the
centrosymmetric tetrameric R44(14) (b) motifs. The various symmetry-related coordination networks
are represented as molecules and shown in red and blue (a) and in orange, violet, red and blue (b)
(see text).
3. Conclusions
We have prepared a 1-D cadmium(II) coordination polymer {[Cd(SCN)2(3-Acpy)]}n
(1) and a 2-D polymer {[Cd(SCN)2(nia)]}n (2) under the same experimental conditions.
The neighboring cadmium(II) ions are bridged by two thiocyanate ions and one 3-Acpy
ligand (via its pyridine N and carbonyl O atoms), into a polymeric chain of 1. The adjacent
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cadmium(II) ions in 2 are bridged by thiocyanate ions in one direction, but also by chelating
and bridging nia in another direction, leading to the formation of a coordination network.
The coordination mode of 3-Acpy found in 1 (bridging via its pyridine N and carbonyl
O atoms) is unprecedented, as until now, 3-Acpy acted exclusively as an N-monodentate
ligand in the reported metal-containing compounds. On the other hand, the coordination
mode of nia found in 2 was the expected one, previously established in the known coor-
dination polymers. We did confirm that the dimensionality of a coordination polymer
can be increased (from 1D in the case of 1 to 2D in the case of 2) if two bridging ligands
(thiocyanate and nia) are used in the case of nia in 2. However, it was revealed that 3-Acpy
also acts as a bridging ligand in 1, yielding a lower-dimensionality polymer than in the
case of 2. As 1 and 2 both contain bridging thiocyanates and bridging 3-Acpy or nia,
respectively, the difference in their dimensionality can solely be ascribed to the chelating
ability of nia. Nia can, therefore, more efficiently bridge the cadmium(II) ions in a different
direction (as compared to the direction the thiocyanate bridge along), thus leading to the
higher dimensionality of 2, as opposed to 1. The introduction of thiocyanate ions indeed
enabled the expected formation of the chalcogen S···S bonds in the crystal packings of
1 and 2, though this was not of the same role or significance. It could be noted that the
intermolecular chalcogen S···S bonds are more significant in the structure of 1, as they are
the only supramolecular interactions responsible for assembling the polymeric chains of 1
in this particular direction. In the structure of 2, the intermolecular chalcogen S···S bonds
also assemble the coordination networks of 2 in a particular direction, but this time in
cooperation with the intermolecular N–H···S and N–H···N hydrogen bonds, acting along
the same direction. In both structures, the employment of the strongest acceptor atoms
(O atoms), in the coordination with the neighboring cadmium(II) ions, reduces the poten-
tial for establishing stronger supramolecular links, thus facilitating the supramolecular
connectivity of metal-containing building units via desired S···S links.
4. Materials and Methods
All commercially available chemicals were of reagent grade and were used as received,
without further purification. 3-Acetamidopyridine (3-Acpy) was prepared according to
the previously reported method [23,24]. CHN elemental analyses were carried out with
a Perkin-Elmer 2400 Series II CHNS analyzer in Analytical Services Laboratories of the
Rud̄er Bošković Institute, Zagreb, Croatia. The IR spectra were obtained from KBr pellets
in the range 4000–400 cm–1 on a Perkin-Elmer Spectrum Two FT-IR spectrometer.
4.1. Synthesis of {[Cd(SCN)2(3-Acpy)]}n (1) in Bulk
Cadmium(II) nitrate tetrahydrate (0.74 g; 2.40 mmol) was dissolved in water (2 mL);
sodium thiocyanate (0.389 g; 4.80 mmol) was also dissolved in water (3 mL). The two
solutions were mixed and added to 3-acetamidopyridine (0.66 g; 4.85 mmol), dissolved
in ethanol (5 mL). A white powder of 1 was obtained in a period of 1–2 days, filtered
off, washed with small amount of cold water–ethanol mixture, (1:1, v/v) and dried in
vacuo. Yield: 97% (0.84 g). Anal. Calcd. (Mr = 364.71): C, 29.64%; H, 2.22%; N, 15.37%.
Found: C, 29.02%; H, 1.93%; N, 14.96%. IR (KBr, cm−1): 3294(m, ν(NH)), 3117(w, ν(NH)),
3068(w, ν(CH)pyridine), 2119(vs, ν(CN)thiocyanate), 2104(vs, ν(CN)thiocyanate), 1663(s, ν(C=O),
1584(m, ν(CN)pyridine), 1539(s, ν(−CN)amide, δ(−NH)amide), 1475 (w, ν(CC)pyridine), 1427(s,
ν(CC)pyridine), 1373(w, ω(CH)), 1334(m, ν(CN)pyridine), 1291(m, δ(CCH)pyridine), 809(m,
δ(CNC)pyridine), 696(m, ν(Cd−S)), 640(w, δ(SCN)). The IR spectrum can be found in the
Supplementary Materials.
Preparation of Single Crystals of 1
3-Acetamidopyridine (0.011 g; 0.081 mmol) was dissolved in ethanol (5 mL), cad-
mium(II) nitrate tetrahydrate (0.013 g; 0.42 mmol) was dissolved in water (2 mL), and
sodium thiocyanate (0.007 g; 0.086 mmol) was dissolved in water (3 mL). All the solutions
were mixed through moderate stirring, and the final solution was left at room temper-
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ature to evaporate slowly. Colorless crystals suitable for single-crystal X-ray structure
determination were formed in a period of two weeks.
4.2. Synthesis of {[Cd(SCN)2(nia)]}n (2) in Bulk
Cadmium(II) nitrate tetrahydrate (0.07 g; 0.23 mmol) was dissolved in ethanol (2 mL)
and niazid (0.07 g; 0.51 mmol) was dissolved in 3 mL of water–ethanol mixture (1:2, v/v).
The two solutions were mixed together and added to the solution of sodium thiocyanate
(0.04 g; 0.49 mmol) in ethanol (3 mL). A white powder of 2 was formed in a period of 3–
4 days, filtered off, washed with small amounts of cold water and dried in vacuo. Yield: 50%
(0.04 g). Anal. Calcd. (Mr = 365.71): C, 26.27%; H, 1.93%; N, 19.15%. Found: C, 24.98%; H,
1.44%; N, 18.77%. IR (KBr, cm−1): 3442(w, ν(NH)), 3223(m, ν(NH)), 3144(m, ν(NH)), 3091(w,
ν(CH)pyridine), 3040(w, ν(CH)pyridine), 3006(w, ν(CH)pyridine), 2095(vs, ν(CN)thiocyanate),
2073(vs, ν(CN)thiocyanate), 1652(s, ν(C=O)), 1592(m, ν(CN)pyridine), 1536(m, ν(−CN)amide,
δ(−NH)amide), 1417(m, ν(CC)pyridine), 1337(m, ω(CH)), 1199(m, δ(CCH)pyridine), 1116(m,
ω(CH)pyridine), 1068(m,ω(CH)pyridine), 1017(m,ωoop(CH)pyridine), 699(m, ν(Cd−S)), 648(m,
δ(SCN)). The IR spectrum can be found in the Supplementary Materials.
Preparation of Single Crystals of 2
Cadmium(II) nitrate tetrahydrate (0.07 g; 0.23 mmol) was dissolved in ethanol (2.5 mL)
and niazid (0.07 g; 0.51 mmol) was dissolved in 3 mL of water–ethanol mixture (1:2,
v/v). The solutions were mixed and transferred to a test tube and carefully layered with
1 mL of ethanol, followed by the careful addition of 2.5 mL of ethanol solution of sodium
thiocyanate (0.04 g; 0.49 mmol). Colorless crystals of 2, suitable for single-crystal X-ray
structure determination, were formed in a couple of weeks.
4.3. X-ray Crystallographic Analysis
The suitable single crystals of 1 and 2 were selected and mounted in Paratone-N oil
onto thin glass fibers. The data collection was carried out on an Oxford Diffraction Xcalibur
four-circle kappa geometry diffractometer with Xcalibur Sapphire 3 CCD detector, using
graphite monochromated MoKα (λ = 0.71073 Å) radiation at room temperature (296(2)
K) and by applying the CrysAlis PRO Software system [25]. The data reduction and cell
refinement were performed by the CrysAlis PRO Software system [25]. The structures were
solved by SHELXT [26] and refined by SHELXL-2018/3 [27]. The refinement procedure
was done by full-matrix least-squares methods based on F2 values against all reflections.
The figures were made with MERCURY (Version 2020.2.0) [28]. The crystallographic data
for 1 and 2 are summarized in Table 3.




Crystal system, space group monoclinic, I2/a(No. 15)
monoclinic, P21/c
(No. 14)
a (Å) 15.427(2) 10.3369(5)
b (Å) 11.4615(6) 9.5051(5)
c (Å) 15.7306(17) 12.2558(6)
β (◦) 115.734(15) 90.203(4)
V (Å3) 2505.6(5) 1204.17(10)
Z 8 4
Dcalc (g cm–3) 1.934 2.017
µ (mm–1) 2.064 2.149
R [I ≥ 2σ(I)] 0.0290 0.0225
wR [all data] 0.0729 0.0500
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cryst11060697/s1, IR spectra of 1 and 2. Deposition numbers 2086781 (for 1) and 2086782
(for 2) contain the supplementary crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data Centre and Fachinformationszentrum
Karlsruhe Access Structures service www.ccdc.cam.ac.uk/structures.
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